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CANCER

A cancer ubiquitome landscape identifies metabolic
reprogramming as target of Parkin tumor suppression
Ekta Agarwal1,2, Aaron R. Goldman3, Hsin-Yao Tang3, Andrew V. Kossenkov3,
Jagadish C. Ghosh1,2, Lucia R. Languino4, Valentina Vaira5,6, David W. Speicher1,3, Dario C. Altieri1,2*
Changes in metabolism that affect mitochondrial and glycolytic networks are hallmarks of cancer, but their
impact in disease is still elusive. Using global proteomics and ubiquitome screens, we now show that Parkin, an E3
ubiquitin ligase and key effector of mitophagy altered in Parkinson’s disease, shuts off mitochondrial dynamics
and inhibits the non-oxidative phase of the pentose phosphate pathway. This blocks tumor cell movements, creates
metabolic and oxidative stress, and inhibits primary and metastatic tumor growth. Uniformly down-regulated in
cancer patients, Parkin tumor suppression requires its E3 ligase function, is reversed by antioxidants, and is independent of mitophagy. These data demonstrate that cancer metabolic networks are potent oncogenes directly
targeted by endogenous tumor suppression.

Tumors universally reprogram their metabolism (1) to engender
cellular plasticity, promote adaptation to an unfavorable microenvironment, and facilitate disease progression (2). Mechanistically,
this involves aberrant utilization of glycolysis even when oxygen is
present, the “Warburg effect” (3), as well as exploitation of anabolic
and antioxidant mechanisms maintained by the pentose phosphate
pathway (PPP) (4). Mitochondria also play an important role in tumor
metabolism (5), and their functions in oxidative bioenergetics (6, 7),
redox balance (8), and mitochondrial dynamics (9, 10) contribute to
aggressive disease traits and metastatic dissemination (11). However,
evidence that glycolytic and mitochondrial reprogramming is a
genuine, disease-driving oncogene antagonized by endogenous tumor suppression mechanisms has remained elusive.
A regulator of mitochondrial integrity, including in cancer, Parkin
(12) is an E3 ubiquitin ligase altered in up to 50% of familial, earlyonset, Parkinson’s disease (PD) (13). Parkin neuroprotection has been
linked to its ability to remove subpar mitochondria (14) through the
autophagy-lysosome machinery (15), i.e., mitophagy, a process that
requires phosphorylation of Parkin (as well as nearby ubiquitin) by
phosphatase and tensin homolog (PTEN)–induced kinase 1 (PINK1)
(16) in response to mitochondrial damage (17). There is evidence
that Parkin may have functions outside the central nervous system
(18) and potentially antagonize tumor growth (19) via regulation of
cyclin levels (20) or suppression of glycolytic reprogramming (21).
However, a tumor suppression function of Parkin has not been
clearly defined: PD patients have paradoxically lower incidence of
malignancy (22), Parkin can promote cancer in certain conditions
(23), and the mechanisms of a potential antitumorigenic function have
not been firmly established, variously linked to PTEN loss (24), disruption of iron homeostasis (25), or inhibition of serine metabolism
(26). In this study, we used global proteomics and ubiquitome
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screens to unravel a previously unidentified role of Parkin in cancer,
independent of mitophagy (12).
RESULTS

A mitophagy-independent role of Parkin in cancer
To study a role of Parkin in cancer, we reintroduced Parkin in Parkinnegative prostate adenocarcinoma PC3 cells (fig. S1A). In the absence of
mitophagy-inducing stimuli, recombinant Parkin was recruited to
mitochondria of PC3 cells (fig. S1B), together with phosphorylation
of ubiquitin on Ser65 (fig. S1C), a hallmark of PINK1 stabilization/
activation (16). Under these conditions, reconstitution with Parkin
did not affect mitochondrial inner membrane potential in PC3 or
neuroblastoma SK-N-SH cells (SKN; fig. S1, D and E). In addition,
hallmarks of autophagy, such as expression of p62 or processing of
LC3 to its lipidated form, were indistinguishable in control or Parkinexpressing cells (fig. S1F).
Next, we looked at a potential activation of mitophagy in this response. Transient reexpression of Parkin in PC3 cells did not cause
loss of mitochondrial outer membrane proteins normally degraded
during mitophagy (fig. S2A) (27), and mitochondrial mass was unchanged in control or Parkin-expressing cells (fig. S2B). The colocalization of lysosomes (LAMP1) with mitochondria (TOMM20), a
prerequisite of mitophagy, was unaffected in the presence of Parkin
(fig. S2, C and D), and overall mitochondrial structure as determined
by transmission electron microscopy was indistinguishable in the
presence or absence of Parkin, with preservation of cristae length,
branching, and tubular network (fig. S2E). Consistent with these data,
quantification of mitophagy by mitochondrial Keima-Red fluorescence
reporter activity showed no statistically significant differences in
vector or Parkin-expressing PC3 and SKN cells (fig. S2F), as determined by ratiometric determination of phycoerythrin (PE)/BV605
fluorescence of 1.2 ± 0.96 (vector) and 1.05 ± 0.77 (Parkin) in PC3 cells
and 0.72 ± 0.56 (vector) and 0.54 ± 0.44 (Parkin) in SKN cells (fig. S2G).
As control, treatment with the mitochondrial uncoupler and mitophagy
inducer carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP)
(16) induced loss of mitochondrial mass (fig. S2B) and increased
mitochondrial Keima-Red reporter activity in PC3 (PE/BV605:
Parkin, 0.79; Parkin + FCCP, 2.4) and SKN (Parkin, 1.03; Parkin +
FCCP, 4.79) cells.
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the profound inhibition of cell motility, Parkin-expressing cells remained responsive to a chemotactic gradient (fig. S4, A and B), indicating that actin cytoskeletal dynamics was not globally disrupted
in these settings.
In reciprocal experiments, homozygous deletion of Parkin in Parkin
knockout (KO) mouse embryonic fibroblasts (MEFs) increased
single-cell motility compared to wild-type (WT) MEF (fig. S4C),
resulting in faster speed of cell movements (Fig. 1H).
On the basis of these data, we next looked for other pathophysiologic condition(s) that could stabilize Parkin in the absence of
mitochondrial damage or activation of mitophagy. Accordingly,
exposure of breast epithelial MCF10A cells, which express endogenous Parkin to stress conditions, such as nutrient deprivation [2%
fetal calf serum (FCS)] or the DNA-damaging agent etoposide, resulted in strong up-regulation of endogenous Parkin expression
(Fig. 1I). Under these conditions, etoposide treatment was not associated with mitochondrial damage, as organelle inner membrane
potential was unchanged in the presence or absence of endogenous
or recombinant Parkin (fig. S4, D and E). Similar to the data obtained
with KO MEF, silencing of endogenous Parkin in MCF10A cells by
small interfering RNA (siRNA) (fig. S4F) significantly increased

Fig. 1. Parkin regulation of tumor cell motility. (A and B) LN229 cells transfected with vector or Parkin were labeled for vinculin and analyzed by confocal microscopy
[(A), representative images] with quantification of the area and length of focal adhesion (FA) (B). Scale bars, 50 m. Inset, magnifications of indicated areas. Mean ± SD
(N = 3). ***P < 0.0001. (C) Talin-GFP–labeled LN229 cells as in (A) were quantified for the rate (events per hour) of FA assembly (top) or disassembly (bottom) (11 to 14 cells
per condition). Mean ± SD (N = 3). *P = 0.03. (D) PC3 cells as in (A) were analyzed for single-cell motility (49 cells per condition). The cutoff velocities for slow-moving (blue)
or fast-moving (purple) cells and the mean ± SD speed of cell motility (m/min) and distance traveled (m) are indicated. (E) PC3 cells transiently (Trans) or stably (Stab)
transfected with vector or Parkin (top) or DU145 or SKN cells transfected with vector or Parkin (bottom) were analyzed for single-cell motility with quantification of speed
of cell movements. Mean ± SD (19 to 68 cells analyzed; N = 3). ***P < 0.0001. (F) PC3 cells as in (A) were analyzed in a wound closure assay with quantification of the residual wound area after 12 hours. (G) The indicated tumor cell types transfected with vector or Parkin were analyzed for invasion across Matrigel-coated Transwell inserts.
Mean ± SD (N = 3). ***P = 0.0003. (H) Wild-type (WT) or Parkin knockout (KO) MEFs were analyzed for single-cell motility, and the speed of cell movements was quantified
(N = 51). P < 0.0001. (I) Breast epithelial MCF10A cells were incubated in 2 or 10% FCS or exposed to etoposide (Etop) for 24 hours and analyzed by Western blotting.
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Parkin inhibition of tumor cell motility
On the basis of these data, we next examined potential function(s)
of Parkin in cancer independently of mitophagy. Reconstitution of
glioblastoma LN229 cells with Parkin reduced the area and length
of focal adhesion (FA) (Fig. 1, A and B) and decreased the rate of FA
assembly and disassembly (Fig. 1C and fig. S3A), two requirements
of cell movements (28). Quantitatively, Parkin suppressed the formation of new (vector, 19.9 ± 12.5%; Parkin, 0%) and decayed (vector, 60.1 ± 29%; Parkin, 35.8 ± 29%) FA while increasing the fraction
of stable FA (vector, 14.5 ± 7.4%; Parkin, 64 ± 26.5%). Consistent
with these data, Parkin inhibited single-cell motility of tumor types,
including PC3 (Fig. 1D), prostate adenocarcinoma DU145, and SKN
(fig. S3B) cells, reducing the speed of individual tumor cell movements compared to controls (Fig. 1E). Directional cell migration
quantified in a wound closure assay was also inhibited in the presence
of Parkin (Fig. 1F). In terms of signaling requirements, reexpression
of Parkin in PC3 cells reduced the levels and phosphorylation of FA
kinase (FAK; Y397 and Y925) and Src (Y416), which are important
for cell movements, whereas Akt was not affected (fig. S3C). Last,
Parkin expression blocked the invasion across Matrigel of tumor
types, including PC3, DU145, and LN229 cells (Fig. 1G). Despite
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cell migration, compared to control siRNA transfectants (fig. S4,
G and H).

Parkin E3 ligase activity regulates tumor cell motility
On the basis of these data, we next asked whether Parkin E3 ligase
activity was required for inhibition of tumor responses. For these
experiments, we changed the Parkin PINK1 phosphorylation site
on Ser65 to Ala (S65A) or the active site at Cys431 to Ser (C431S) to
generate E3 ligase loss-of-function mutants (fig. S6A). Consistent with
the data above, reconstitution of PC3 cells with WT Parkin suppressed single-cell motility (fig. S6B) and potently inhibited Matrigel
invasion (fig. S6, C and D). In contrast, expression of Parkin S65A
or C431S mutant did not reduce PC3 single-cell motility (fig. S6B)
or Matrigel invasion (fig. S6, C and D).
As an independent approach, we next focused on the Parkin activator PINK1. In preliminary experiments, we found that PC3 cells
constitutively expressed a basal level of PINK1, which was strongly
up-regulated, i.e., stabilized in the presence of the mitochondrial
uncoupler FCCP (fig. S7A), in agreement with previous observations (16). Transfection of PC3 cells with PINK1-directed siRNA
efficiently suppressed PINK1 protein expression in PC3 cells (fig.
S7A), whether in the presence or absence of Parkin (fig. S7, A and B).

Fig. 2. Parkin inhibition of primary and metastatic tumor growth. (A) PC3 cells stably transfected with vector or Parkin were injected subcutaneously on the flank of
immunocompromised NOD SCID  mice (two tumors per mouse; 10 tumors per group), and tumor volume was quantified with a caliper at the indicated time intervals.
Top: Macroscopic images of tumors harvested from the two animal groups at the end of the experiment. (B and C) The conditions are as in (A), and lungs isolated from
the indicated animal groups were stained with immunoglobulin G (IgG) or an antibody to human HLA by immunohistochemistry (IHC) [(B), representative images] and
quantified (C). Scale bars, 100 m. OD, optical density. ***P < 0.0001. (D) PC3 cells as in (A) were injected into the spleen of NOD SCID  mice (five animals per group), and
metastatic foci to the liver (yellow circles, representative images) were examined after 11 days by hematoxylin and eosin staining and light microscopy. Scale bars, 200
m. (E) The conditions are as in (D), and the number (top) and surface area (bottom) of liver metastases were quantified by morphometry. Mean ± SD (N = 60). ***P < 0.0001.
(F and G) A universal cancer TMA (Tissue Microarray) was stained with an antibody to Parkin by IHC [(F), representative images], and the percentage of positive cells in
each tumor sample was quantified (G). Each symbol corresponds to an individual tumor sample. Scale bars, 100 m. Inset, magnification of indicated areas. Arrowheads
and red asterisks indicate tumor cells or infiltrating lymphocytes, respectively, positive for Parkin. CNS, central nervous system; CRC, colorectal cancer; SCC, squamous
cell carcinoma.
Agarwal et al., Sci. Adv. 2021; 7 : eabg7287
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Parkin inhibition of primary and metastatic tumor growth
Next, we examined the effect of Parkin on tumor growth in vivo. We
found that Parkin-expressing PC3 cells formed significantly smaller
tumors when engrafted subcutaneously in immunocompromised
nonobese diabetic (NOD) severe combined immunodeficiency (SCID)
 mice compared to control transfectants (mean ± SD tumor volume at
day 26: vector, 883 ± 274 mm3; Parkin, 364 ± 98 mm3; P < 0.0001;
Fig. 2A). In these settings, Parkin expression suppressed metastatic
dissemination to the lungs, whereas vector-transfected PC3 cells
formed extensive lung metastases (Fig. 2, B and C). As an independent model of metastasis, we next injected PC3 cells directly
into the spleen of NOD SCID  mice and looked at liver colonization 11 days after reconstitution. Here, control PC3 cells generated extensive metastatic foci in the liver, whereas expression of
Parkin inhibited the number and surface areas of liver metastases
(Fig. 2, D and E).
When analyzed by immunohistochemistry (IHC) in a universal
cancer microarray, Parkin was undetectable in patient-derived tissue samples, with only modest reactivity in infiltrating lymphocytes
(Fig. 2, F and G, and fig. S5A). Parkin mRNA levels were also uniformly reduced in all tumor types in The Cancer Genome Atlas
(TCGA) database (fig. S5B), with significant loss of expression in
many common malignancies, compared to normal tissues (fig.
S5C). Last, all tumor cell lines in the Cancer Cell Line Encyclopedia

(CCLE) showed decreased levels of Parkin mRNA (fig. S5D), without significant alterations of copy number (fig. S5E). Consistent
with these data, proteomics analysis of the CCLE database (12,755
proteins) demonstrated that only 1 of 42 batches (8 of 378 cell lines)
contained detectable Parkin levels (identifier sp|O60260|PRKN2_
HUMAN) and with very low peptide detection (fig. S5F), together
supporting the notion of Parkin as a tumor suppressor.

SCIENCE ADVANCES | RESEARCH ARTICLE
Under these conditions, silencing of PINK1 significantly, albeit not
completely, restored Matrigel invasion of PC3 cells in the presence
of Parkin (fig. S7, C and D). To test the specificity of this response,
we next targeted the essential regulators of autophagy, p62 or Atg5,
and looked at their involvement in Parkin functions. In these experiments, siRNA silencing of p62 (fig. S7E) had no effect on Parkin
suppression of PC3 cell invasion across Matrigel (fig. S7F). Similarly,
siRNA knockdown of Atg5 (fig. S7G) did not reverse the inhibition
of single-cell motility mediated by Parkin (fig. S7H), and Parkin
suppression of the speed of cell movements was indistinguishable in
control or Atg5-silenced cells (fig. S7I).

Fig. 3. Landscape of a Parkin proteome and ubiquitome in cancer. (A) Scatter plots of protein intensities from two independent global proteome SILAC experiments
in PC3 cells transfected with vector (light labeled) or Parkin (heavy labeled) in the absence of mitochondrial uncouplers. A Pearson correlation coefficient is indicated.
(B) The conditions are as in (A), and concordance in detection of proteins between experiment 1 (Exp. 1, 97%) and experiment 2 (Exp. 2, 96%) is shown. (C) Changes in protein
levels in PC3 cells transfected with Parkin. A 1.3-fold difference cutoff was defined as potentially biologically important. (D) STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) analysis of predicted protein networks modulated by Parkin in the global proteome of PC3 cells. (E) Volcano plot of the Parkin global proteome in
PC3 cells. The distribution of total proteins (N = 5557) and MitoCarta 3.0–associated proteins (N = 741) is indicated. (F) STRING analysis of predicted mitochondrial protein
networks modulated by Parkin in the global proteome. (G) Volcano plot of a Parkin ubiquitome in PC3 cells in the absence of mitochondrial uncouplers. The distribution
of total (N = 3796) and MitoCarta 3.0–associated ubiquitination sites (N = 112) is indicated. (H) Changes in Parkin ubiquitome identified using SILAC-based ubiquitin remnant motif enrichment (K--GG), with 1013 and 423 sites showing increased or decreased ubiquitination in the presence of Parkin using a 1.3-fold cutoff.
Agarwal et al., Sci. Adv. 2021; 7 : eabg7287
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A Parkin proteome and ubiquitome in cancer
To elucidate the function of Parkin in cancer, we next used SILAC
(stable isotope labeling by amino acids in cell culture) labeling to
map global proteomic changes in vector- or Parkin-expressing PC3
cells in the absence of mitophagy-inducing stimuli. In two independent experiments (Fig. 3A), we detected a total of 5557 proteins
(Fig. 3B), with 319 and 222 proteins showing increased or decreased
abundance in the presence of Parkin, respectively (Fig. 3C and table
S1). By bioinformatics analysis, the cancer Parkin proteome identified
here was predicted to affect protein networks of cell movements,
including extracellular matrix (FN1 ↑1.8-fold; FBLN1 ↑10.3-fold),

EMT (Epithelial Mesenchymal Transition) and metastasis (MYOD1
↑9.9-fold; KIF14 ↓2.5-fold; CYR61 ↓2.1-fold; STARD10 ↓1.9-fold), suppressed extracellular signal–regulated kinase (ERK)/mitogen-activated
protein kinase (MAPK) pathway (DLGAP5 ↓1.8-fold; SBSN ↓8.9-fold),
and down-regulated oncogenic signaling (TACSTD2/TROP2 ↓59.4-fold;
UBE2T ↓1.9-fold; BICD1 ↓1.8-fold; HMGCS1 ↓1.8-fold) (Fig. 3D).
Selective inspection of a mitochondrial proteome (MitoCarta 3.0,
N = 741 proteins) in this dataset (Fig. 3E) revealed that Parkin modulated the expression of electron transport chain complex I (MTND1 ↑1.6-fold; NDUFA3 ↑1.8-fold; NDUFC2 ↑1.4-fold; NDUFA4
↑1.4-fold) and complex IV (COX6A1 ↑1.3-fold) subunits, endogenous
antioxidant mechanisms (PRDX4 ↓1.6-fold; SOD2 ↓1.4-fold; GFER
↓1.4-fold; SOD1 ↑2.1-fold), and organelle protein translation (MRP63
↑2.1-fold; MRPL54 ↑1.6-fold; MRPL52 ↑1.4-fold; MRPS15 ↓4.7-fold)
(Fig. 3F).
Next, we used SILAC-based ubiquitin remnant motif enrichment
(K--GG) to characterize a Parkin ubiquitome in cancer. In two
independent experiments in the absence of mitophagy-inducing
stimuli (fig. S8A), we identified 1821 proteins (fig. S8B) with 3796
ubiquitinated sites (fig. S8C), with 112 mitochondria-associated
ubiquitination sites (Fig. 3G and table S2) present in both experiments. Using a 1.3-fold cutoff, 1013 and 423 sites showed increased
or decreased ubiquitination in the presence of Parkin, respectively
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(Fig. 4F). In parallel experiments, mRNA levels of RHOT1, TKT, or
TALDO1 were unchanged in control or Parkin-expressing PC3 cells
(Fig. 4G). We next looked at the generality of this pathway in a panel of genetically unrelated tumor cell lines, including cervical carcinoma HeLa, ovarian cancer OVCAR8, LN229, and DU145 cells.
Expression of Parkin in these conditions comparably induced degradation of its targets, TKT and MFN2, in all tumor cell lines tested,
concomitantly with down-regulation of phosphorylated FAK (Fig. 4H).
Last, the cancer Parkin ubiquitome identified here in the absence of
mitochondrial damage showed negligible overlap with the ubiquitome
of CCCP (Carbonyl cyanide m-chlorophenyl hydrazone)–treated
HeLa cells, with only 50 ubiquitination sites identified in common
between the two datasets when sites identified as changing were
compared (Fig. 4I).
Parkin regulation of mitochondrial dynamics controls tumor
cell motility
In the cancer Parkin ubiquitome, RHOT1 and MFN2 regulate mito
chondrial dynamics and have been implicated in tumor cell motility
and metastasis (9). Consistent with this, Parkin suppressed mitochondrial dynamics in PC3 and SKN cells (fig. S9A), reducing the
rates of mitochondrial fusion and fission events, compared to

Fig. 4. Novel Parkin ubiquitome in cancer. (A) Bioinformatics analysis of predicted protein networks regulated by Parkin ubiquitination in the absence of mitochondrial
uncoupling, including cell death (HK1, MCL1, and HMGB1), glucose metabolism involving glycolysis (HK1 and TPI1) and the PPP (TALDO1 and TKT), protein folding (CCT7
and HSPA1A, also known as HSP72), and mitochondrial dynamics (RHOT1, FIS1, and MFN2). Parkin-directed ubiquitination sites (Lys, K) identified by SILAC proteomics
in each target protein are indicated. (B) PC3 cells in the presence or absence of Parkin were immunoprecipitated with an antibody to MFN2, and immune complexes were
probed with antibodies to ubiquitin (Ub) or MFN2 by Western blotting. IP, immunoprecipitation; IB, immunoblot. (C) The conditions are as in (B) except that TKT immune
complexes precipitated from PC3 cells with or without Parkin were probed with antibodies to Parkin, TKT or Ub, by Western blotting. (D) PC3 cells transfected with WT
Parkin or E3 ligase–defective Parkin S65A mutant were analyzed by Western blotting. (E) PC3 cells transfected with vector (Veh) or Parkin (P) were treated with bafilomycin
A (BafA; 20 nM for 6 hours) and analyzed by Western blotting. (F) PC3 cells transfected with vector or Parkin were treated with the indicated concentrations of BafA and
analyzed by Western blotting. (G) PC3 cells transfected with vector or Parkin were analyzed for changes in mRNA expression of RHOT1, TKT, or TALDO1 by reverse transcription PCR. Mean ± SD (N = 3). (H) The indicated tumor cell types transfected as in (E) were analyzed by Western blotting. (I) Comparison between the Parkin ubiquitination
sites identified in PC3 cells in the absence of mitochondrial uncoupling (this study) and HeLa cells treated with CCCP plus Velcade (Exp. ID 57) as reported in (27). The number of ubiquitination sites is indicated. Only sites showing significant changes in SILAC ratios as defined in the respective studies were compared.
Agarwal et al., Sci. Adv. 2021; 7 : eabg7287
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(Fig. 3H). Bioinformatics analysis of this dataset identified four
main protein networks in the Parkin cancer ubiquitome. These included (i) cell death (MCL1, HK1, and HMGB1), (ii) mitochondrial
dynamics (RHOT1, MFN2, and FIS1), (iii) endoplasmic reticulum
(CCT7) and mitochondrial (HSPA1A, also known as HSP72) proteostasis, and (iv) glucose metabolism, involving both glycolysis
(HK1 and TPI1) and the non-oxidative phase of the PPP (TKT and
TALDO1) (Fig. 4A and fig. S8D). Experimentally, the SILAC ratios
of proteins and ubiquitinated sites identified in both replicates
showed very low variability, with a median coefficient of variation
(CV) of 5.6 and 6%, respectively, and >95% of identified proteins
and ubiquitination sites with a CV of <30% (fig. S8, E and F).
In validation experiments, MFN2 (Fig. 4B) or TKT (Fig. 4C) immunoprecipitated from PC3 cells reacted with an antibody to ubiquitin in the presence of Parkin. In addition, expression of WT Parkin
reduced the levels of its target proteins—MFN2, RHOT1, TKT, and
HK1—by Western blotting, whereas a Parkin S65A mutant had no
effect (Fig. 4D). Consistent with the data above, treatment of PC3
cells with the autophagy inhibitor bafilomycin A (BafA) did not
affect Parkin-induced degradation of MFN2 or TKT (Fig. 4E). Conversely, in control experiments, treatment of PC3 cells with BafA
stabilized the levels of p62 in the presence or absence of Parkin
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controls (fig. S9B). As a result, Parkin inhibited the subcellular movements of mitochondria (fig. S9C), with near-complete suppression
of individual mitochondrial speed compared to control conditions
(fig. S9D). Validating the specificity of these findings, reconstitution of
Parkin-expressing cells with MFN2, but not MFN1 (fig. S9E), rescued mitochondrial dynamics (Fig. 5A) and restored the rate of fusion and fission events to levels of control cells (Fig. 5B). In parallel
experiments, reconstitution of Parkin-expressing cells with RHOT1
(fig. S9F) normalized mitochondrial motility and increased the speed
of mitochondrial movements indistinguishably from controls (Fig. 5C).
Consistent with these data, RHOT1 expression restored mitochondrial accumulation at the cortical cytoskeleton of PC3 cells, which
was suppressed in the presence of Parkin (Fig. 5D). Together, normalization of mitochondrial dynamics and subcellular mitochondrial
trafficking by MFN2 and RHOT1 corrected single-cell motility (Fig. 5E)
and the speed of individual cell movements (fig. S9G) in the presence of
Parkin. Reconstitution with RHOT1 and MFN2 also restored PC3

cell invasion across Matrigel, comparably to control transfectants
(Fig. 5F). These results were specific because expression of a Parkin
ubiquitination–resistant RHOT1 K194R mutant escaped degradation
in the presence of Parkin (fig. S9F) and was sufficient to increase
migration of MCF10A cells compared to controls (Fig. 5G). In contrast, WT RHOT1 did not affect MCF10A cell migration (Fig. 5G).
Parkin regulation of the PPP controls oxidative stress
and tumor cell motility
As shown here, a novel protein network targeted by Parkin in cancer is the PPP, and we next tested the impact of this pathway on tumor
responses. Consistent with the results of the ubiquitome screen, Parkin
inhibited TKT activity in PC3 cells, compared to vector transfectants (Fig. 6A). This was associated with reduced flux through the
PPP compared to glycolysis in [1,2-13C]glucose labeling experiments
(Fig. 6B), resulting in decreased incorporation of PPP-derived
carbons into metabolites dihydroxyacetone phosphate (DHAP),
Downloaded from https://www.science.org at Thomas Jefferson University on September 07, 2021

Fig. 5. Parkin regulation of mitochondrial dynamics and tumor cell motility. (A and B) PC3 cells transfected with vector or Parkin were reconstituted with MFN1 or
MFN2 and analyzed for changes in mitochondrial volume by time-lapse videomicroscopy (A) and mitochondrial fusion (>1.3-fold mitochondrial volume) and fission (<0.7fold mitochondrial volume) events in a 60-s time interval were quantified (B). Mean ± SD (N = 3). ***P = 0.0002 to 0.0004; ns, not significant. (C) PC3 cells transfected with
vector or Parkin were reconstituted with RHOT1, and the speed of individual mitochondrial movements was quantified in a heatmap. Each bar corresponds to an individual mitochondrion (N = 40; P < 0.0001). (D) PC3 cells reconstituted as in (C) were imaged for mitochondrial accumulation at the cortical cytoskeleton by confocal microscopy (representative images). Scale bars, 20 m. The quantification (mean ± SD; N = 3) of cortical mitochondria is indicated per each condition tested. (E) The conditions
are as in (C), and motility of PC3 cells reconstituted with vector or RHOT1 was quantified in single-cell analysis by time-lapse video microscopy. Each tracing corresponds
to the movement of an individual cell (representative experiment). The cutoff velocities for slow-moving (blue) or fast-moving (purple) cells and the average (mean ± SD)
speed of cell motility [velocity (Vel); m/min] and distance traveled (Dis; m) are indicated. (F) PC3 cells expressing vector or Parkin were reconstituted with RHOT1 or
MFN2 and analyzed for invasion across Matrigel-coated Transwell inserts. Mean ± SD (N = 3). ***P < 0.0001. (G) Breast epithelial MCF10A cells were transfected with WT
RHOT1 or Parkin ubiquitination–resistant K194R RHOT1 mutant and analyzed for cell migration. Mean ± SD (N = 3). **P = 0.002.
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3-phosphoglycerate (3PG), phosphoenolpyruvate (PEP), and lactate
(Fig. 6C). In addition, Parkin expression inhibited glucose consumption
and lactate generation in PC3 cells, two hallmarks of glycolysis (fig.
S10A). As a result of impaired bioenergetics, Parkin-expressing PC3
cells exhibited decreased adenosine 5′-triphosphate (ATP) production and heightened phosphorylation of the energy sensor AMPK
(fig. S10B), a marker of cellular starvation. These metabolic changes
were specific because Parkin did not affect the lipidomic profile of
PC3 cells (fig. S10C) and the levels of saturated (SFA), monounsaturated (MUFA), or polyunsaturated (PUFA) fatty acids were unchanged compared to controls (fig. S10, D and E).
The PPP has an important antioxidant function (29), and accordingly, Parkin inhibition of TKT lowered NADPH (reduced form of
nicotinamide adenine dinucleotide phosphate) levels (Fig. 6D), resulting in heightened production of mitochondrial reactive oxygen
species (ROS) (Fig. 6, E and F) in PC3 cells. Consistent with the
notion that oxidative stress is a potent inhibitor of mitochondrial
trafficking and tumor cell motility (30, 31), ROS scavenging using
MitoTempo restored mitochondrial trafficking in Parkin-expressing
Agarwal et al., Sci. Adv. 2021; 7 : eabg7287
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PC3 cells and normalized the speed of mitochondrial movements to
levels of control transfectants (fig. S11A). As a result, MitoTempo
fully rescued single-cell movements (fig. S11B), speed of cell motility (fig. S11C), and Matrigel invasion (Fig. 6G) of Parkin-expressing
PC3 cells. Reconstitution of Parkin-expressing PC3 cells with antioxidant Prx3 gave similar results, restoring the speed of cell motility
and the total distance traveled by individual cells comparably to
controls (Fig. 6H).
Last, we examined the specificity of PPP signaling in this response.
Reconstitution of Parkin-expressing PC3 cells with TKT (fig. S11D)
was sufficient to rescue subcellular mitochondrial movements (fig.
S11E) and restore the speed of individual mitochondria to levels of
control transfectants (Fig. 6I). This translated in increased PC3 cell
invasion across Matrigel (fig. S11F), indistinguishably from controls
(Fig. 6J). In reciprocal experiments, siRNA silencing of TKT (fig.
S11G) inhibited tumor cell invasion, whereas a control siRNA had
no effect (Fig. 6K). Last, expression of a Parkin ubiquitination–
resistant TKT K499R mutant escaped degradation by Parkin in PC3
cells (fig. S11D) and promoted MCF10A cell migration, whereas
7 of 13
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Fig. 6. Parkin inhibition of the PPP controls tumor cell motility. (A) PC3 cells transfected with vector or Parkin were analyzed for TKT activity. Mean ± SD (n = 2). (B) PPP
flux analysis. Metabolites quantified by [1,2-13C]glucose labeling are indicated in blue. (C) The conditions are as in (B), and the M+1 (PPP) to M+2 (glycolysis) isotopolog
metabolite ratio was quantified (N = 2 to 3). (D) PC3 cells as in (A) were analyzed for NADPH levels. Mean ± SD (N = 3). ***P < 0.0001. (E and F) The conditions are as in (A),
and mitochondrial superoxide production was analyzed by flow cytometry [(E), representative tracings] and quantified (F). MFI values are indicated. FC, fold change.
Mean ± SD (N = 3). **P = 0.002. (G) PC3 cells as in (A) were treated with vehicle or MitoTempo (MT) and analyzed for Matrigel invasion. Mean ± SD (n = 3). (H) PC3 cells
expressing Parkin were reconstituted with vector or Prx3 and analyzed for single-cell motility. The cutoff velocities for slow-moving (blue) or fast-moving (purple) cells
and the mean ± SD speed of cell motility (m/min) and distance traveled (m) are indicated. For Prx3-transfected cells: speed, 0.53 ± 0.2 m/min; distance, 321 ± 121.6 m
(N = 3). (I) PC3 cells as in (A) were reconstituted with TKT, and the speed of mitochondrial movements was quantified in a heatmap (N = 28 to 35; P < 0.0001). (J) The
conditions are as in (I), and PC3 cells were analyzed for Matrigel invasion. Mean ± SD (n = 3). ***P < 0.0001. (K) PC3 cells transfected with control siRNA (Ctrl) or TKT-directed
siRNA were analyzed for Matrigel invasion. Mean ± SD (n = 3). ***P < 0.0001. (L) MCF10A cells expressing vector, WT TKT, or Parkin K499R TKT mutant were analyzed for
cell migration. Mean ± SD (n = 3). **P = 0.002.
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WT TKT had no effect (Fig. 6L). Consistent with these results, TKT
K499R mutant immunoprecipitated from Parkin-expressing cells
showed considerably reduced reactivity with an antibody to ubiquitin, compared to WT TKT immune complexes precipitated under
the same conditions (fig. S11H).
DISCUSSION

In this study, we have shown that Parkin targets glycolytic and mitochondrial networks to antagonize tumor growth. This pathway is
independent of mitochondrial damage or activation of mitophagy
and requires Parkin E3 ligase activity to degrade effectors of mitochondrial dynamics (MFN2 and RHOT1) and the non-oxidative phase
of the PPP (TKT). This creates acute metabolic and oxidative stress,
suppresses subcellular mitochondrial trafficking, inhibits phosphoryl
ation of cell motility kinases, FAK and Src, and blocks tumor cell
movements, with profound suppression of primary and metastatic
tumor growth in vivo (Fig. 7).
Parkin neuroprotection in PD has been consistently linked to
mitochondrial quality control (32), a process that eliminates damaged,
subpar, and potentially dangerous organelles via mitophagy (14).
We have shown here that this pathway is not an obligatory requirement in cancer, where Parkin can be recruited to mitochondria with
active E3 ligase function in the absence of organelle damage or evidence of mitophagy. Other emerging functions of Parkin in cancer,
such as modulation of iron homeostasis (25) or serine metabolism
(26), have been equally linked to E3 ligase activity in the absence of
mitophagy-inducing stimulation. There is also recent evidence challenging a long-held belief that mitophagy functions in tumor suppression, as activation of this pathway has been linked to progression of
KRAS-driven pancreatic cancer (33) and resistance to chemotherapyinduced cell death (34).
Together, we propose the existence of additional mechanisms of
Parkin activation in cancer, consistent with our observation that
Agarwal et al., Sci. Adv. 2021; 7 : eabg7287
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METHODS

Patient material
A cancer universal tissue microarray utilized in a previous study (54)
was used to investigate the expression of Parkin in different tumor
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Fig. 7. Schematic model for stress-regulated Parkin tumor suppression. In response to stress stimuli, Parkin is recruited to mitochondria of tumor cells and promotes ubiquitination of protein substrates involved in mitochondrial dynamics
and the PPP in a PINK1-dependent manner, affecting ROS production, metabolism
and tumor cell motility, invasion, and metastasis.

stress stimuli commonly found in a tumor microenvironment, such
as transient nutrient deprivation or DNA damage, stabilize Parkin
in the absence of mitochondrial damage. In line with this possibility, the Parkin ubiquitome identified here showed negligible overlap
with that reported in neurons (35) or in tumor cells after acute mitochondrial damage (27), encompassing new protein targets in metabolism (TKT, TALDO1, and TP1I), damage-associated molecular
pattern (HMGB1), chaperone function (CCT7), and unique ubiquitination sites in MCL1 (LGK136R), HK1 (HEK101N and GFK624A),
MFN2 (QDK171Q), Fis1 (LPK64G), and Hspa1a (DMK88H) that may
differentially affect protein fate.
Functionally, Parkin-induced degradation of RHOT1 and MFN2
suppressed mitochondrial dynamics in tumor cells, inhibiting the
subcellular movements of mitochondria and their accumulation at
the cortical cytoskeleton. Consistent with an important role of
mitochondria in cancer (5), changes in organelle size, shape, and
subcellular distribution, i.e., mitochondrial dynamics, have been associated with various traits of advanced disease (10), in particular tumor
cell motility, invasion, and metastatic competence (9). Specifically,
cortical mitochondria act as regional energy sources (36, 37) fueling
membrane lamellipodia dynamics, FA turnover, and Rho guanosine
triphosphatase (GTPase) signaling (38) to increase cell movements
(39). Consistent with a role of Parkin in mitochondrial dynamics
via ubiquitination of MFN proteins (40), MFN2 and RHOT1 have
been recognized as important effectors of tumor chemotaxis (41),
influencing Myc-driven metastasis (42).
As one of the new targets uncovered here, Parkin induced degradation of the non-oxidative PPP enzyme TKT (4), resulting in glycolytic
starvation, loss of ATP production, and generation of mitochondrial
ROS in tumor cells. This is consistent with an emerging role of PPP
anabolic and antioxidant mechanisms in cancer, exploited for tumor
growth (43), therapy resistance (44), and NADPH-dependent antioxidant
responses (29). Here, Parkin-induced metabolic and oxidative stress
may contribute to the observed inhibition of tumor growth in vivo,
whereas ROS have been implicated as potent antagonists of mitochondrial trafficking, tumor cell motility, and invasion (30). The ability
of antioxidants (or TKT) to reverse Parkin blockade of mitochondrial
trafficking and restore tumor cell movements is consistent with this
scenario, reinforcing a critical role of redox balance in tumor progression (45), including metastatic dissemination (8, 46).
In summary, the data presented here identify glycolytic and mitochondrial reprogramming not only as hallmarks of tumor metabolism
(5) but also as potent, disease-driving oncogenes targeted by endogenous
tumor suppression mechanisms. Uniformly lost in patients with genetically disparate malignancies, Parkin emerged as a critical, stress-
regulated effector of this tumor suppression pathway, activating
metabolic and oxidative “danger” signals to antagonize malignant cell
proliferation and metastatic competence in vivo (Fig. 7). Although
novel for Parkin and at variance with its neuroprotective function in
PD (47), this model is reminiscent of other cardinal tumor suppressors
(48). Like Parkin, stress-regulated stabilization of p53 also suppresses
mitochondrial dynamics (49), increases ROS (50), and triggers metabolic unbalance (51) via inhibition of glycolysis (52) and the PPP (53).
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types by IHC. Parkin expression was scored as the percentage of
positive tumor cells out of the total number of tumor cells in each
core. Normal brain cortex was used as positive control.

Antibodies and reagents
Antibodies to Parkin, PINK1, MFN1, and MFN2 were acquired from
Cell Signaling Technology. The antibody to Parkin used for IHC was
from LSBio and used at 1:500 dilution. Antibodies to TKT and vinculin
were from Abcam. Antibodies to Src, Tyr416-phosphorylated Src, FAK,
and Tyr925- or Tyr397-phosphorylated FAK were from Cell Signaling
Technology. Antibodies to -actin and RHOT1 were from SigmaAldrich and Santa Cruz Biotechnology, respectively. MitoTracker
Green, Phalloidin Alexa Fluor 488, MitoTracker Deep Red FM, and
secondary antibodies used in immunofluorescence studies were from
Molecular Probes. FCCP, MitoTempo, and etoposide were purchased from
Sigma-Aldrich. BafA was purchased from Cell Signaling Technology.
NADPH was determined by PicoProbe NADPH quantification fluorometric assay kit from BioVision. Kits for glucose uptake, lactate
production, and TKT activity were purchased from BioVision.
Plasmids and transfections
Human complementary DNA (cDNA) encoding Parkin and RHOT1
was purchased from GeneCopoeia. cDNA plasmids encoding TKT,
MFN1, and MFN2 were obtained from OriGene. In some experiments,
PC3 or SKN cells were transfected with vector or Parkin cDNA, and
stably expressing clones were selected in the presence of neomycin
for 14 days and confirmed by Western blotting. E3 ligase loss-offunction Parkin cDNA mutants S65A and C431S were purchased
from Addgene. Ubiquitination-defective plasmids for RHOT1 (K194R),
MFN2 (K171R), and TKT (K499R) were generated using a Stratagene
QuikChange II XL Site-Directed Mutagenesis kit (Agilent Technologies) and confirmed by DNA sequencing.
For transfection, cells were mixed with 2 g of the various cDNA
constructs plus 4 l of X-tremeGENE HP (Roche) in complete medium for 24 hours, washed, and processed for individual experiments. Gene knockdown experiments by siRNA were carried out as
described (54). The following siRNA sequences were used: control,
ON-TARGETplus non-targeting siRNA pool (Dharmacon), Parkindirected siRNA (Sigma-Aldrich), PINK1-directed siRNA (Dharmacon),
and TKT-directed siRNA (Dharmacon). The various tumor cell types
Agarwal et al., Sci. Adv. 2021; 7 : eabg7287
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Protein analysis
Protein lysates were prepared in radioimmunoprecipitation assay
buffer [150 mM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM tris (pH 8.0)] in the presence of EDTA-free
Protease Inhibitor Cocktail (Roche) and Phosphatase Inhibitor Cocktail
(Roche). Equal amounts of protein lysates were separated by SDS
gel electrophoresis, transferred to polyvinylidene difluoride membranes, and incubated with primary antibodies of various specificities.
Protein bands were visualized by chemiluminescence. For ubiquitination analysis, cells were washed with 10 mM N-ethylmaleimide
containing phosphate-buffered saline (PBS). The cell pellet was
lysed by sonication in 50 l of 2% SDS containing 50 mM tris-HCl
(pH 7.5) and boiled in a heat block for 10 min at 95°C. A total of 950 l
of 50 mM tris-HCl (pH 7.5) buffer was added to the boiled lysates
followed by centrifugation.
Mitochondrial ROS and inner membrane potential
Parkin-expressing PC3 cells were stained with MitoSOX Red mitochondrial superoxide indicator (5 mM; Thermo Fisher Scientific)
for 10 min in complete medium. To quantify mitochondrial inner
membrane potential, Parkin-expressing cells were incubated in the
presence or absence of etoposide (50 M) for 48 hours and stained
with tetramethylrhodamine, ethyl ester (10 M) for 30 min. Cells
were washed in PBS (pH 7.4) and analyzed on a FACSCalibur flow
cytometer. Intact cells were gated in the forward scatter/side scatter
(FSC/SSC) plot to exclude small debris.
Mitochondrial mass
PC3 cells expressing Parkin or control vector were treated with or
without the mitochondrial uncoupler FCCP (20 M) for 16 hours
and stained with MitoTracker Green (5 mM; Thermo Fisher Scientific)
for 1 hour in complete medium. After washes in PBS (pH 7.4), cells
were analyzed on a FACSCalibur flow cytometer. Intact cells were
gated in the FSC/SSC plot to exclude small debris.
SILAC ubiquitome and global proteomic analyses
PC3 cells expressing Parkin (heavy SILAC labeled with 13C615N4
13 15
l-arginine, C6 N2 l-lysine) or vector (light SILAC labeled) were
processed in duplicate for ubiquitome analysis using the PTMScan
Ubiquitin Remnant Motif (K--GG) Kit (Cell Signaling Technology).
Briefly, 20 mg of 1:1 mix of heavy- and light-labeled lysates was
reduced with dithiothreitol, alkylated with iodoacetamide, and digested
in solution with trypsin as described previously (55, 56). Tryptic peptides were desalted using Sep-Pak C18 (Waters), and ubiquitinated
peptides were enriched using the K--GG antibody. Samples were
subjected to replicate liquid chromatography–tandem mass spectrometry
(LC-MS/MS) analysis using a 4-hour LC gradient on a Q-Exactive
HF mass spectrometer (Thermo Fisher Scientific) as described previously (57). For global proteome analysis without immune affinity
enrichment, 100 g of in-solution digested samples was fractionated
into 10 fractions using the Pierce High pH Reversed-Phase Peptide
Fractionation Kit (Thermo Fisher Scientific) and analyzed in replicate by LC-MS/MS.
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Cells and cell culture
Prostate adenocarcinoma PC3 and DU145, neuroblastoma SKN,
glioblastoma LN229, ovarian cancer OVCAR8, breast epithelial
MCF10A, and cervical carcinoma HeLa cells were obtained from the
American Type Culture Collection (ATCC; Manassas, VA) and maintained in culture according to the supplier’s specifications. MEFs were
prepared from WT or Parkin KO mice. Cell passaging was limited
to <40 passages from receipt, and cell lines were authenticated by STR
(Short Tandem Repeat) profiling with AmpFLSTR Identifiler PCR Amplification Kit (Life Technologies) at the Wistar Institute’s Genomics
facility. Mycoplasma-free cultures were confirmed at the beginning of
the studies and every 2 months afterward by direct polymerase chain
reaction (PCR) of cultures using Bioo Scientific Mycoplasma Primer
Sets (catalog no. 375501) and Hot Start polymerase (QIAGEN).
Conditioned medium was prepared from exponentially growing cultures of NIH3T3 cells (ATCC) maintained in Dulbecco’s modified
Eagle’s medium supplemented with d-glucose (4.5 g/liter), sodium
pyruvate, 10 mM Hepes, and 10% fetal bovine serum for 48 hours.

were transfected with the individual siRNA pools at 40 nM in Lipofectamine RNAiMAX (Invitrogen) at a 1:1 ratio (vol siRNA 20 M/
vol Lipofectamine RNAiMAX). After 72 hours, transfected cells were
validated for target protein knockdown by Western blotting and
processed for functional experiments.
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Lipidomics screening
Samples were spiked with EquiSPLASH mix (Avanti Polar Lipids),
and lipid species were identified by LipidSearch 4.2 (Thermo Fisher
Scientific) from MS/MS spectra with 5 ppm (parts per million) precursor and product ion mass tolerances and were filtered by expected
adduct and identification quality. Peak areas were used for quantification and were corrected by EquiSPLASH lipids for represented
classes and normalized to protein amount in each sample. Lipid classes
were quantified by summing peak areas of all species in a given class.
For saturation analysis, fatty acids incorporated into lipids were assigned as SFA, MUFA, or PUFA based on the number of carbon
double bonds (0, 1, or >1, respectively). Each lipid species with fatty
acid level identification was weighted by its number of fatty acids of
each type. SFA, MUFA, and PUFA levels for each class in a sample
were determined by summing the weighted peak areas for lipid species in the class.
Total fatty acid quantification
Lipid extracts were saponified with 0.3 M KOH in 90% methanol at
80°C. Samples were acidified with formic acid, and fatty acids were
extracted with hexane. LC-MS was performed in negative ion mode
on a Thermo Fisher Scientific Q-Exactive HF-X mass spectrometer
and a Vanquish Horizon UHPLC system. Gradient LC separation
used an Accucore C18 column (2.1 mm × 150 mm; Thermo Fisher
Scientific) with water and acetonitrile solvents containing 0.1% acetic acid. Full MS scans were acquired at 120,000 resolution from 180
to 650 m/z (mass/charge ratio). Fatty acids were identified by accurate
mass and retention time based on pure standards and quantified by
peak area using TraceFinder 4.1 (Thermo Fisher Scientific).
Quantification of PPP flux
Cells were labeled until isotopic steady state with [1,2-13C]glucose
to quantify 13C incorporation into intermediates of glycolysis and
PPP. Polar metabolites were extracted with 80% methanol and analyzed by LC-MS as described previously (57). Data analysis was performed using TraceFinder 4.1 (Thermo Fisher Scientific). Metabolites
were identified by accurate mass and retention time based on pure
standards, and all possible carbon isotopologs determined from chemical formulas were quantified by peak area. Data were corrected for
Agarwal et al., Sci. Adv. 2021; 7 : eabg7287
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natural 13C abundance and isotope tracer purity (99%) using IsoCorrectoR (59). Direct glycolysis produces M+2-labeled metabolites,
while PPP produces M+1-labeled metabolites. The ratio of M+1 to
M+2 labeling for a given metabolite indicates the ratio of flux going
through the PPP versus glycolysis. PPP flux was calculated using the
following formula: Glucose consumption rate × (M+1 lactate/(M+1
lactate + M+2 lactate)).
FA dynamics
LN229 cells were transfected with vector or Parkin for 24 hours,
plated on high optical quality 35-mm glass bottom plates, and
transduced with Talin-GFP (green fluorescent protein) BacMam
virus for 18 hours. Time-lapse videomicroscopy was carried out using a Leica TCS SP8 Scanning Laser Confocal Microscope system
with an HCX PL APO CS 63× 1.40 numerical aperture (NA) oil ultraviolet objective. Acquisition of live cells using an integrated Leica
LAS software was performed every 3 min per frame for a total interval
of 2 hours. The time-lapse videomicroscopy movies were analyzed
using the Focal Adhesion Analysis Server (FAAS) (https://faas.bme.
unc.edu/) with quantification of rates of FA assembly and disassembly.
In other experiments, LN229 cells transfected with vector or Parkin
cDNA were stained for vinculin (1:100) to label FA followed by
quantification of FA length and area using NIS-Elements.
Cortical mitochondria
Mitochondria/F-actin composite images were analyzed in ImageJ as
described (60). For quantification of cortical mitochondria, a mask
was manually created around the periphery of the cell based on the
F-actin channel and subsequently applied to the mitochondrial channel to measure intensity at the cortical region. The intensity was
normalized to total mitochondrial intensity per cell and backgroundsubtracted. A minimum of 20 cells was analyzed in each independent experiment to obtain mean values.
Mitochondria time-lapse videomicroscopy
Cells (2 × 10 4) growing on high optical quality glass bottom
35-mm plates (MatTek Corporation) were incubated with 100 nM
MitoTracker Deep Red FM dye for 30 min and imaged on a Leica
TCS SP8 X inverted laser scanning confocal microscope using a 63×
1.40 NA oil objective. Short duration time-lapse sequences were carried
out using a Tokai Hit incubation chamber equilibrated to 37°C and
5% CO2. Time lapse was performed for 6 min (3 s per frame). Individual 12-bit images were acquired using a white-light supercontinuum laser (0.2% at 645 nm) and HyD detectors at 5× digital zoom
with a pixel size of 70 nm × 70 nm. A pinhole setting of 1 Airy units
provided a section thickness of 0.896 m. Each time point was captured with a step size of 0.15 m. At least seven cells under each
condition were collected for analysis. Initial postprocessing of threedimensional (3D) sequences was carried out with Huygens software
to deconvolve the images, and then they were imported into LAS X
software to study fission and fusion events. A workflow capable of
tracking time-dependent changes in mitochondrial volume was designed on the LAS X software platform. For each cell, the volume of
mitochondria over time was analyzed in four different areas (with
an average of 10 mitochondria per area) in 3D images. Variations in
mitochondrial volume were evaluated by fold change over time: A
fold change of >1.3 denoted a fusion event, and a fold change of
<0.7 denoted a fission event. The average fission and fusion events
in the four different areas were used for each cell analyzed.
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MS data were analyzed using MaxQuant 1.6.8.0 (58). MS/MS
spectra were searched against a UniProt human protein database
(October 2019) and a common contaminants database using full
tryptic specificity with up to five missed cleavages and static carbamidomethylation of Cys. Variable modifications included Met oxidation, Lys carbamylation, and peptide N-terminal carbamylation.
Variable diglycine addition to Lys was also considered in the search
of ubiquitome samples. Consensus identification lists were generated
with false discovery rates of 1% at protein, peptide, and site levels.
Reverse hits, contaminants, and identifications without any H/L
(Heavy/Light) ratio were removed from all datasets. Ubiquitinated
sites were determined from the GlyGly (K)Sites.txt table. For global
proteome analysis, protein identifications were obtained from the
proteinGroups.txt table. Mitochondrial proteins were identified from
the MitoCarta 3.0 database. For global proteome network analysis,
proteins were required to have a consistent minimum fold change
of 1.45 and a minimum SILAC ratio count of 2. Mitochondrial proteins were required to have a consistent minimum fold change of
1.3 and a minimum ratio count of 2 for network analysis.
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Mitophagy assay
PC3 cells stably expressing mitochondrial-targeted Keima-Red
(Addgene, catalog no. 56018) were transfected with vector or Parkin,
detached with trypsin, washed, and suspended in PBS. FCCP-treated
cells (20 M for 16 hours) were used as positive control. Cells were
analyzed on an LSR 18 flow cytometer at 405- and 561-nm lasers
and 610/20 filters, and the percentage of PE/Texas Red–positive
cells and Brilliant Violet (BV605) cells were calculated. The ratio of
PR/BV605-positive cells, representative of mitophagy, was quantified.
Intact cells were gated in the FSC/SSC plot to exclude small debris.

Cell invasion
Experiments were carried out as described (42) using Growth Factor
Reduced Matrigel–coated 8-mm PET (Polyethylene terepthalate)
Transwell chambers (Corning) and NIH3T3 conditioned medium
placed in the lower chamber as chemoattractant. Cells were allowed
to invade for 16 to 24 hours, noninvading cells were scraped off the
top side of the membranes, and the invaded cells on the Transwell
insert were fixed in methanol. Membranes were mounted in medium
containing DAPI (4′,6-diamidino-2-phenylindole) (Vector Labs)
and analyzed by fluorescence microscopy. Five random fields at ×10
magnification were collected for each membrane. Digital images
were batch-imported into ImageJ, thresholded, and analyzed with
the Analyze particle function.
Transmission electron microscopy
PC3 cells were transfected with vector or Parkin for 72 hours. Cells
were fixed for 16 hours with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer. After washes, samples were post-fixed in 2% osmium tetroxide for 1 hour at 22°C and
rinsed in H2O before en bloc staining with 2% uranyl acetate. After
dehydration through a graded ethanol series, samples were infiltrated
and embedded in EMbed 812 (Electron Microscopy Sciences, Fort
Washington, PA). Sections were stained with uranyl acetate and lead
citrate and imaged with a JEOL 1010 electron microscope at 50,000×.
Parkin expression analysis
Analysis of TCGA tumor expression data for Parkin mRNA (RNA
sequencing values) was performed using the FireBrowse portal
(http://firebrowse.org) to compare differential expression in cancer
versus the corresponding normal tissues. The CCLE (https://portals.
broadinstitute.org/ccle/) portal was used to evaluate Parkin mRNA
expression and copy number variation. Individual cancer cell lines
were grouped by primary tissue of origin according to the CCLE
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Animal studies
Experiments were carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health (NIH). Protocols were approved by
the Institutional Animal Care and Use Committee (IACUC) of The
Wistar Institute. Sample size was determined by power analysis. All
animals were included in the analysis. Surgical procedures for a liver metastasis model were carried out in isoflurane-anesthetized animals following aseptic technique inside a biosafety cabinet, and a
slow-release buprenorphine formulation was administered for pain
relief. PC3 cells stably expressing vector or Parkin at 80% confluency were suspended in PBS, and 1 × 106 cells were injected (50 l) in
the spleen of anesthetized 6- to 8-week-old male NOD SCID  (NSG,
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice (The Jackson Laboratory). After 24 hours, the spleen was surgically removed, and animals
were euthanized 11 days later. Metastatic dissemination to liver was
quantified by morphometry, and the number and surface area of
metastatic foci were calculated under the various conditions tested.
In other experiments, PC3 cells stably transduced with vector or
Parkin were engrafted subcutaneously on the flanks of NOD SCID
 mice (10 animals per group), and tumor growth was measured with
a caliper throughout a 26-day interval. Lungs collected from the various
animal groups were analyzed for metastatic dissemination by reactivity with an antibody to human leukocyte antigen (HLA) by IHC.
Statistical analysis
Data are expressed as mean ± SD of results from a minimum of three
independent experiments. Unpaired, two-tailed Student’s t test was
used for two-group comparative analyses. In some cases, correction
for multiple testing by the Benjamini-Hochberg procedure was
obtained. For multiple-group comparisons, analysis of variance
(ANOVA) was used. Rayleigh distribution statistics were used for
experiments of cellular chemotaxis. All statistical analyses were performed using the GraphPad software package (Prism 9.0) for Windows. P < 0.05 was considered statistically significant.
SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/35/eabg7287/DC1
View/request a protocol for this paper from Bio-protocol.
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Single-cell motility analysis
Experiments were carried out essentially as described using 2D chemotaxis chambers (Ibidi) and a gradient setup with NIH3T3 conditioned medium (42). Videomicroscopy was performed over 10 hours,
with a time-lapse interval of 10 min. Stacks were imported into
ImageJ, and images were aligned according to subpixel intensity
registration with the StackReg plugin for ImageJ43. At least 30 cells
were tracked using the Manual Tracking plugin for ImageJ, and the
tracking data from four independent time-lapse experiments were
pooled and exported into Chemotaxis and Migration Tool v2.0 (Ibidi)
for calculation of quantitative parameters of speed of cell movements and total distance traveled by individual cells. In some experiments,
a forward migration index and Rayleigh distribution statistics were
used to quantify directional compared to random cell movements.

classification and plotted along with copy number variation. Proteomics data from the CCLE database containing 12,755 proteins
from 378 cell lines were downloaded (61) and analyzed for Parkin
expression in 42 batches (“ten-plex” experiments). Only 1 of the 42
batches had Parkin detected (identifier sp|O60260|PRKN2_HUMAN)
and only with one peptide.
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